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Nanocrystalline  (NC)  textured  Mno.5Zno.6Fe1 9O4  (MZFO)  films,  grown  at  room  temperature  on  both 
isostructural  and  non-isostmctural  substrates,  show  magnetization  values  significantly  suppressed 
from  epitaxial  MZFO  films.  X-ray  absorption  spectroscopy  and  x-ray  magnetic  circular  dichroism 
measurements  indicate  larger  ratios  of  Fe31  to  Fe2  ions  on  the  tetrahedral  sites  in  the  NC  films 
compared  to  the  epitaxial  films.  The  magnetization  loops  of  the  NC  films  are  shifted  by  200— 400  Oe 
at  low  temperatures.  No  such  effect  is  observed  in  the  epitaxial  films.  We  hypothesize  that  the 
presence  of  a  more  structurally  disordered,  possibly  magnetically  frustrated,  matrix  exchange  biases 
the  crystalline  regions.  ©2012  American  Institute  of  Physics,  [doi:  10. 1063/1 .3676619] 


Thin  films  and  nanoparticles  of  spinel  structure  oxides 
exhibit  a  range  of  functional  properties  through  variation  of 
cation  species,  lattice  distortions,  and  crystallite  size.1  By 
varying  one  or  more  of  these  factors,  we  can  modify  the 
magnetic,  electrical,  or  optical  properties  of  these  materials. 
Furthermore,  transition-metal  spinel  oxides  have  cations  that 
can  manifest  themselves  in  different  valence  states,  making 
them  particularly  sensitive  to  optical  excitation.  In  particular, 
photomagnetism  has  been  observed  in  a  few  spinel  structure 
materials,2’3  including  doped  spinel  structure  ferrites  and 
chalcogenide  spinels. 4-6  In  these  materials,  photomagnetism 
is  understood  to  arise  from  light  induced  electronic  transi¬ 
tions  that  give  rise  to  electron  redistribution  among  cations. 
Initially,  effects  had  been  observed  primarily  at  low  tempera¬ 
tures.  More  recently,  nanocrystalline  (NC)  spinel  structure 
ferrite  films  have  been  identified  to  exhibit  photomagnetic 
effects  at  room  temperature. 7,x  Because  optical  sensitivity  of 
spinel  ferrites  can  be  greatly  affected  by  cation  and  micro- 
structural  disorder,  a  detailed  study  of  the  correlation 
between  the  structural  and  magnetic  properties  of  these  NC 
films  is  imperative  for  understanding  the  origin  of  the 
photomagnetic  functionality. 

In  this  paper,  we  present  a  study  correlating  the  structure 
of  NC  and  epitaxial  (Mn,Zn,Fe)304  (MZFO)  spinel  thin 
films  with  their  magnetic  properties.  X-ray  diffraction 
(XRD)  studies  indicate  that  room  temperature  growths  of 
MZFO  on  both  isostructural  and  non-isotructural  substrates 
give  rise  to  textured  NC  films  while  high  temperature 
growths  on  isostructural  substrates  yield  epitaxial  films.  At 
low  temperatures,  NC  films  exhibit  a  shift  in  the  magnetic 
hysteresis,  which  is  not  seen  in  the  epitaxial  films.  The  exis¬ 
tence  of  a  disordered,  magnetically  frustrated  matrix  may 
explain  reduced  magnetization  in  the  NC  films  and  the 


a,Author  to  whom  correspondence  should  be  addressed.  Electronic  mail: 
usalaan@gmail.com. 

0021  -8979/201 2/1 1 1  (7)/07A337/3/$30.00 


apparent  exchange  bias.  X-ray  absorption  spectroscopy 
(XAS)  and  x-ray  magnetic  circular  dichroism  (XMCD)  show 
that  NC  films  have  more  tetrahedrally  coordinated  Fe3  2  rela¬ 
tive  to  octahedrally  coordinated  Fe2+  and  Fe3+. 

All  thin  film  samples  were  prepared  using  pulsed  laser 
deposition  (PLD)  (KrF  laser  with  fluence  of  ~  1 .2  J/cm2) 
with  a  target  of  composition  Mno.sZno  eFe!  9O4.  In  this 
study,  MZFO  thin  films  were  grown  on  (001)  Si  and  (110) 
MgAl204  (MAO)  substrates  at  room  temperature  in  a  back¬ 
ground  pressure  of  approximately  9  x  10-7Torr  and  with  a 
laser  repetition  rate  of  10  Hz.  For  comparison,  epitaxial 
MZFO  films  were  grown  on  (110)  MAO  at  410  °C  in 
18.2  mTorr  of  a  99%N2/1%02  mixture  with  a  laser  repetition 
rate  of  5  Hz.  Film  thickness  ranged  from  180nm  for  samples 
grown  in  a  99%N2/1%02  environment  to  280  nm  for  those 
deposited  in  vacuum,  as  measured  by  Rutherford  backscat- 
tering  spectrometry  (RBS). 

Structural  characterization  indicates  that  regardless  of 
substrate  choice  and  deposition  conditions,  all  MZFO  films 
in  this  study  are  textured  along  the  out-of-plane  [110]  direc¬ 
tion.  The  normalized  0-26  spectra  in  Figure  1  demonstrate 
that  MZFO  films  grown  on  (001)  Si  and  (110)  MAO  show 
only  substrate  peaks  and  the  hltO  MZFO  reflections.  The 
films  deposited  in  18.2  mTorr  of  99%  N2/l%  02  were  found 
to  be  epitaxial  through  cf>  scans,  thus  confirming  two-fold 
symmetry  about  the  (110)  plane  for  both  the  film  and  sub¬ 
strate.  As  expected,  these  epitaxial  films  on  (1 10)  MAO  have 
the  sharpest  diffraction  peaks  and  smallest  FWHM  values, 
with  Am  =  0.7°  in  the  out-of-plane  reflection.  Room 
temperature  grown  samples  on  MAO  have  broader  film 
peaks  with  typical  FWHM  values  of  about  A co=  1.5°.  The 
0-20  spectra  show  that  the  room  temperature  deposited  films 
have  larger  lattice  parameters  (8.58  A)  compared  to  their 
epitaxial  counterparts  (8.50  A)  and  the  PLD  target’s  lattice 
constant.  The  larger  lattice  parameter  may  be  related  to 
structural  disorder  associated  with  low  temperature  thin  film 
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FIG.  1.  (Color  online)  XRD  9—26  scans  for  (a)  an  epitaxial  film  on  (110) 
MAO,  (b)  a  NC  film  on  ( 1 10)  MAO,  and  (c)  a  NC  film  on  (001)  Si,  all  show¬ 
ing  only  the  (220)  and  (440)  reflections  for  MZFO. 

growth.  RBS  revealed  that  the  films  had  lower  relative  con¬ 
centrations  of  zinc  and  oxygen  compared  to  the  PLD  target 
stoichiometry  of  Mn0.5Zn0.gFe!  9O4,  due  to  the  volatility  of 
zinc.  It  is  difficult  to  use  RBS  to  accurately  estimate  the 
atomic  concentrations  in  MZFO  due  to  the  similar  cation 
atomic  masses  and  standard  complications  with  characterizing 
oxygen.  Nonetheless,  a  rough  simulation  showed  that  while 
the  Mn:Zn  ratio  (normalized  to  Fe)  for  the  target  is  0.81,  the 
Mn:Zn  ratios  for  a  room  temperature  deposited  film  on  (001) 
Si,  a  room  temperature  deposited  film  on  (110)  MAO  and  the 
high  temperature  deposited  film  on  (110)  MAO  are  1.5,  1.1, 
and  1.6,  respectively. 

While  strong  preferred  orientation  in  MZFO  films  de¬ 
posited  at  room  temperature  on  isostructural  substrates  is 
somewhat  surprising,  perhaps  even  more  unexpected  is  the 
emergence  of  highly  textured  films  grown  at  room  tempera¬ 
ture  on  (001)  Si,  a  non-isostructural  substrate  with  a  large 
lattice  mismatch.  Films  on  (001)  Si  exhibit  both  the  broadest 
diffraction  peaks  ( Am  =  4.5°)  and  the  largest  lattice  parame¬ 
ters  (^8.60  A).  Since  Am  scans  provide  a  measure  of  the  in¬ 
plane  crystalline  quality,  it  is  clear  that  higher  temperature 
growth  and  isostructural  substrate  choice  are  essential  for 
high  crystallinity;  however,  our  results  show  that  low 
temperature  growth  on  an  isostructural  substrate  can  indeed 
stabilize  some  degree  of  registry  between  the  substrate  and 
overlying  film.  The  texture,  observed  even  in  films  grown  on 
non-isostructural  (001)  Si  substrates  at  low  temperatures,  sug¬ 
gests  that  the  energetic  plume  in  PLD  plays  a  significant  role 
in  microstructural  ordering.  If  we  assume  that  XRD  peak 
broadening  is  due  exclusively  to  size  effects  and  not  strain, 
then  we  can  use  Scherrer  analysis  to  estimate  a  particle  size9'10 
of  about  10  nm.  The  FWHMs  for  both  9-26  and  m  scans 
follow  the  same  trend,  suggesting  that  defects,  as  well  as 
crystallite  size,  contribute  to  peak  broadening.  The  films  on 
silicon  have  rocking  curve  FWPIMs  that  are  approximately  six 


times  broader  than  those  of  the  epitaxial  samples  on  MAO  and 
over  three  times  broader  than  those  of  the  NC  films  on  MAO. 
These  results  indicate  that  despite  room  temperature  deposition 
conditions,  the  substrate  still  imposes  a  significant  degree  of 
crystallographic  ordering  that  is  sustained  by  the  system. 

Variations  in  growth  conditions  and  substrate  choice  for 
MZFO  films  can  give  rise  to  appreciable  differences  in  the 
magnetization  loops  as  measured  by  SQUID  magnetometry 
(Figure  2).  Epitaxial  samples  on  (110)  MAO  appear  to 
saturate  near  680emu/cm3  at  10  K.  By  comparison,  NC  films 
reach  magnetization  values  of  around  160emu/cm3  at  5  T  but 
do  not  appear  to  saturate.  At  low  temperatures,  NC  films  also 
reveal  a  shift  in  the  hysteresis  loops,  while  no  such  behavior  is 
observed  at  any  temperature  in  the  epitaxial  samples.  We 
define  the  coercive  field  Hc  to  be  the  average  of  the  absolute 
values  of  the  two  fields  at  which  the  magnetization  is  zero.  Hc 
is  around  30  Oe  for  all  films  measured  at  300  K.  After  field 
cooling  in  ±5T  to  10K,  the  NC  samples  on  both  Si  and 
MAO  have  Hc  values  of  about  llOOOe  and  1600Oe, 
respectively.  The  epitaxial  films  exhibit  considerably  smaller 
Hc  values  of  approximately  350  Oe  at  10  K.  Larger  coercive 
fields  in  the  NC  samples  are  expected  since  defective  regions 
most  likely  pin  domain  walls.1 1 

In  order  to  understand  further  the  differences  in  the  mag¬ 
netic  properties  for  the  NC  and  epitaxial  films,  we  examined 
more  closely  the  magnetization  loops  at  low  temperatures. 
Using  conventional  notation  from  classic  antiferromagnetic- 
ferromagnetic  cases  of  exchange  bias,  we  define  the  exchange 
field  Hex  to  be  the  shift  of  the  loops  from  the  origin  by  taking 
the  average  value  of  the  fields  associated  with  the  two  zero 
magnetization  crossings,  as  shown  in  the  inset  of  Figure  2. 
While  exchange  bias  is  commonly  known  to  occur  between  an 
antiferromagnet  and  a  ferromagnet,  we  report  on  the  rare  case 
of  exchange  bias  in  a  single -material  system.  Venzke  et  al. 
have  also  shown  that  such  an  effect  can  occur  between  ferri- 
magnetic  and  adjacent  glassy  magnetic  regions  in  the  same 
material.1-  Our  hysteresis  loops  at  10  K  of  the  NC  samples 
appear  to  be  shifted  to  negative  and  positive  fields  for  +5  T 
and  — 5T  field  cooling,  respectively.  Hex  is  about  200 Oe  for 
the  NC  MZFO  films  on  (001)  Si  and  380  Oe  for  the  NC 


FIG.  2.  (Color  online)  SQUID  magnetization  curves  at  10  K,  field-cooled  in 
5T  of  (i)  an  epitaxial  MZFO  film  on  (110)  MAO,  (ii)  a  NC  film  on  (110) 
MAO  and  (iii)  a  NC  film  on  (001)  Si.  Inset  shows  the  exchange  biased  nano¬ 
crystalline  film  on  (001)  Si. 
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FIG.  3.  (Color  online)  (a)  XAS  and  (b)  XMCD  of  iron  ions 
at  30°  incidence  and  300  K  in  (i)  an  epitaxial  MZFO  film  on 
(110)  MAO,  (ii)  a  NC  film  on  (110)  MAO  and  (iii)  a  NC 
film  on  (001)  Si.  The  site  occupancies  corresponding  to  the 
peaks  in  XMCD  are  labeled,  with  “Oh”  and  “Td”  denoting 
octahedral  and  tetrahedral  sites,  respectively. 
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MZFO  films  on  MAO.  The  slightly  larger  exchange  bias  field 
values  for  the  NC  samples  on  MAO  is  a  manifestation  of  stron¬ 
ger  coupling  between  defective,  magnetically  frustrated 
regions  with  more  crystalline  ferrimagnetic  regions.11'12  XRD 
indicated  that  the  epitaxial  films  are  less  defective.  Conse¬ 
quently,  we  observe  that  under  the  same  ±5  T  field-cooled  con¬ 
ditions,  the  epitaxial  film  exhibits  little  to  no  shift  away  from 
the  origin  at  10  K.  Exchange  biasing  vanished  in  hysteresis 
loops  for  all  NC  and  epitaxial  samples  at  room  temperature;  this 
observation  indicates  that  in  NC  films  the  fmstrated  regions  no 
longer  effectively  bias  the  ferromagnetic  regions  due  to  thennal 
considerations  at  temperatures  as  high  as  300  K.  Thus,  the  exis¬ 
tence  of  magnetically  fmstrated  regions  allows  us  to  account  for 
the  magnetic  properties  of  our  NC  films. 

To  correlate  the  differences  between  the  magnetic  behav¬ 
ior  of  the  films  with  the  atomic  structure,  we  performed  XAS 
and  XMCD  at  beamline  4.0.2  of  the  Advanced  Light  Source 
to  obtain  element  and  valence  specific  information.  The  Fe 
XAS  spectra  (Figure  3(a))  for  all  films  have  the  same  charac¬ 
teristic  features.  The  small  peak  around  707-eV  on  the  lower- 
energy  shoulder  of  the  L3  edge  is  indicative  of  higher  concen¬ 
trations  of  Fe3+  or  lower  concentrations  of  Fe2  h.  In  Figure 
3(b),  the  L3  XMCD  spectra  for  Fe  are  shown,  normalized  by 
the  XMCD  peak  at  708.6  eV,  which  corresponds  to  Fe3 2  with 
octahedral  coordination.1’  The  two  lower-energy  peaks  con¬ 
vey  information  on  the  relative  concentrations  of  Fe2  1  com¬ 
pared  to  Fe3  f  in  octahedral  and  tetrahedral  sites,  respectively, 
as  indicated  in  Figure  3(b).1314  It  is  clear  that  there  is  a 
greater  concentration  of  Fe3  h  with  tetrahedral  coordination  in 
NC  films  relative  to  the  epitaxial  films.  The  NC  films  also 
have  higher  concentrations  of  Fe2  1  relative  to  Fe3+  in  the 
octahedral  sites,  as  compared  to  epitaxial  films.  The  existence 
of  mixed  2+  and  3+  cations  in  the  octahedral  sites  is  thought 
to  be  beneficial  for  inducing  an  intervalence  charge  transfer 
under  incident  optical  signals.  Such  a  cation  distribution  may 
enhance  the  photomagnetic  properties  of  complex  oxides, 
particularly  for  manganese  zinc  ferrites  and  related  com¬ 
pounds.1  5,1 6  Furthermore,  the  existence  of  both  Fe3+  in  the 
tetrahedral  sites  and  Fe2+  in  the  octahedral  sites  could  result 
in  a  lower  moment,  though  the  main  reason  for  the  suppressed 
moment  likely  stems  from  magnetic  frustration  arising  from 
microstructural  disorder  in  the  NC  films.  The  increase  in  the 
mixed  nature  of  Fe3  1  occupancy  in  the  NC  films  suggests 
that  variations  in  cation  occupancy  could  potentially  be  used 
to  design  materials  with  alternative  charge  transfers  and  a 
photomagnetic  effect  induced  by  an  electronic  transition. 
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In  summary,  we  have  demonstrated  a  straightforward 
way  to  achieve  NC  spinel  ferrite  films  with  varying  degrees 
of  crystallinity  without  exposing  samples  to  conditions  above 
room  temperature.  While  epitaxial  thin  films  of  MZFO  are 
highly  crystalline  and  exhibit  symmetric  hysteresis  loops 
with  high  saturation  magnetization  values,  the  films  depos¬ 
ited  at  room  temperature  show  exchange  biasing  at  low  tem¬ 
peratures  and  exhibit  reduced  magnetization  values  even  at 
high  fields.  The  magnetic  properties  of  these  NC  MZFO  thin 
films  can  be  explained  by  the  coexistence  of  crystalline 
regions  surrounded  by  more  disordered  regions.  The 
exchange  bias  is  attributed  to  coupling  between  the  ferrimag¬ 
netic  and  magnetically  frustrated  regions.  Together  these 
results  indicate  that  controlling  the  presence  of  MZFO  nano¬ 
crystallites  that  are  weakly  coupled  to  each  other  is  an  effec¬ 
tive  means  of  tuning  the  magnetism. 
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